Background: Postoperative arrhythmias are a known complication after cardiac surgical repairs for congenital heart disease. Methods: Data were reviewed pertaining to incidence, diagnosis, potential risk factors, and management of postoperative arrhythmias in 369 consecutive patients under 18 years of age, undergoing elective open heart surgery. All children were admitted to the intensive care unit and continuous electrocardiographic monitoring was performed. Patient factors such as Aristotle Basic Complexity Score, total surgical duration, hypotension, tachycardia, serum lactate level, and inotropic score were analyzed. Univariate analysis was done to assess associations between these factors and the occurrence of postoperative arrhythmias. Results: Twenty-five (6.7%) patients developed arrhythmias. Junctional ectopic tachycardia (JET) was the most common arrhythmia occurring in 15 (60%) patients, followed by supraventricular tachycardia in 3 (12%), ventricular premature contractions in 3 (12%), hemodynamically unstable ventricular tachycardia and fibrillation in 3 (12%), and atrial fibrillation in 1 (4%) patient. Different grades of heart block were noted in 13 patients. Aristotle score (P ¼ .014), total surgical duration (P < .01), hypotension (P ¼ .02), heart rate (beats per minute) (P ¼ .001), serum lactate level (P ¼ .04), and inotropic score (P ¼ .02) in the early postoperative period were associated with arrhythmia occurrence. Surgeries for ventricular septal defect alone or in association with other diseases including tetralogy of Fallot (TOF) and transposition of the great arteries (TGA) were found to be associated with higher risk of arrhythmias. Conclusion: This study showed a low incidence of arrhythmias, JET being the commonest, seen more in TOF repair and these could be treated efficiently. Higher Aristotle score, longer surgical time, hypotension, tachycardia, high inotropic score, and high serum lactate levels were associated with the occurrence of arrhythmias postoperatively.
Introduction
Arrhythmias are well-known complications after congenital cardiac surgery. 1 Although transient and treatable in most cases, they are a cause of substantial morbidity and mortality. 2 These arrhythmias occur mostly in the early postoperative period when hemodynamic fluctuations are common, making the patient unstable and may lead to low cardiac output syndrome (LCOS) and cardiac arrest unless treated and resolved in a timely fashion. Review of existing literature revealed an incidence of arrhythmias ranging from 7.3% to 48% 1, [3] [4] [5] [6] in the early postoperative period after congenital cardiac surgery. The etiology of postoperative arrhythmias in children who are recovering from the effects of surgery may include myocardial incision, cannulation, sutures close to the conduction system, cardiac dysfunction, electrolyte disturbances, catecholamine stimulation, acute changes in intracardiac pressures and volumes, cardiopulmonary bypass (CPB)-related inflammation, ischemia-reperfusion, residual hemodynamic impairment, as well as pain and anxiety. [1] [2] [3] [4] [5] [6] [7] [8] Our objective in this study was to find the incidence, diagnosis, and associations of arrhythmias in children in the postoperative period. 
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Patients and Methods
This prospective observational study was conducted in the cardiothoracic and vascular surgery intensive care unit (CTVS ICU) of a tertiary care hospital treating a high volume of pediatric cardiac surgical patients. All consecutive children below 18 years of age undergoing open heart surgery were eligible for enrollment in this study. Approval was obtained from the institute's ethics committee. Written informed consent was taken from the parents of the participating children. All these patients underwent cardiac surgery with moderately hypothermic CPB (28 C-32 C) with or without aortic cross clamping. Postoperatively, the patients were admitted to the CTVS ICU for their management. Care was provided by members of cardiothoracic resident physician staff, critical care consultant, and cardiothoracic surgery staff.
A time period of 24 hours of ICU stay was considered mandatory for assessing the early postoperative arrhythmias. Patients undergoing closed heart surgery, emergency operations, aged >18 years at the time of surgery, and those patients with preoperative arrhythmias, preexisting heart block, and frequent ventricular premature contractions (VPCs) were excluded from this study.
Data Collection
For each patient, preoperative, intraoperative, and postoperative data such as demographic data, complete cardiac diagnosis, preoperative treatment, operative procedure, intraoperative parameters (CPB, aortic cross clamp [ACC] , and total surgery times), postoperative parameters (serum lactate, magnesium, calcium, sodium, potassium levels, Wernovsky inotropic score [dopamine dose (mcg/kg/min) þ dobutamine dose (mcg/kg/ min) þ 100 Â epinephrine dose (mcg/kg/min)], ventilation duration, ICU, and hospital stays) were recorded. Arrhythmia was defined as any change in the heart rate and rhythm other than sinus, either lasting for more than 30 seconds or necessitating an intervention to revert it to sinus rhythm or to control the high heart rate. All types of arrhythmias were included in this study, such as supraventricular tachycardias (SVTs), reentrant tachycardias, atrial flutter/fibrillation, ventricular tachycardia (VT), ventricular fibrillation (VF), and VPCs. Junctional ectopic tachycardia (JET) was defined as a narrow complex tachycardia, with atrioventricular (AV) dissociation or retrograde atrial capture, which was at least 20% faster than the underlying sinus rate. Supraventricular tachycardia was defined as AV reentrant (retrograde P wave) or 1:1 AV conduction. Atrial flutter was defined as a narrow complex tachycardia with greater than 2:1 conduction. 9 For the purpose of this study, frequent premature ventricular beats were considered to be significant if their number exceeded ten per minute.
All the patients were monitored in a standard and continuous manner. Five lead electrocardiogram (ECG) cables were connected to the patients and two channel ECG (leads II and V) tracings were displayed on the monitor screen all the time for continuous monitoring. Along with ECG, invasive arterial pressure, central venous pressure, pulse oximetry, both core (rectal/ nasopharyngeal), and peripheral temperatures were continuously monitored on the display screen of Phillips MP-40 (Philips Medizin Systame; Boeblingen GmbH, Boeblingen, Germany) for each patient. Rhythm disturbances, once noticed, were identified by the bedside care provider (basic life support and advanced cardiac life support [ACLS]-certified senior resident from the department of cardiothoracic and vascular surgery with good knowledge of ECG patterns, diagnosis, and management of arrhythmias), and ECG recordings were taken from either the central recorder or from a 12-lead ECG was performed. The disturbed rhythm and rate were further discussed and clarified by both intensivist and/or a cardiologist to arrive at a conclusive diagnosis and to decide the need for intervention. For all patients, serum electrolytes (sodium, potassium, and ionized calcium) and lactate were measured at four hourly intervals from the time of ICU admission. The mean values of the serum electrolyte levels measured within the first 24 hours of the ICU admission were used for statistical analysis. The highest value of serum lactate levels measured during the first 24 hours after the ICU admission was used for statistical analysis. Decision to treat arrhythmias was made by the management team on case-by-case basis. A simple treatment algorithm was followed to manage these postoperative arrhythmias, as described by Hoffman and colleagues 10 and other authors (Figure 1) . [11] [12] [13] [14] Ventricular dysfunction and LCOS were treated with appropriate inodilators and vasopressors. Levosimendan was not used in the study population.
If the ventricular rate permitted, atrial overdrive pacing via temporary atrial wires placed at the time of surgery was used to restore synchrony. When indicated, digoxin was administered intravenously in doses of 5 mcg/kg/min as slow intravenous (IV) injection of three doses at an interval of two to three hours in cases of SVTs/AF. If the ventricular rate was too rapid for effective overdrive pacing, amiodarone infusion was initiated, in addition to the strategies described in Figure 1 . Injection amiodarone at 5 mcg/kg/bolus IV was given followed by 5 to 10 mcg/kg/min IV infusion in cases that were unresponsive to the other treatment modalities.
Postoperative AV block was treated with temporary AV pacing and observed for ten days. If any patient did not return to sinus rhythm and remained in the high-grade AV block, they were subjected to permanent epicardial/endocardial pacemaker placement before hospital discharge. For patients who developed VF/VT, they were managed according to the ACLS guidelines. The patients with VT/VF received either lidocaine bolus at 1 to 2 mg/kg/IV or amiodarone injection at 5 mcg/kg/ IV bolus followed by 5 to 10 mcg/kg/min infusion or both at the discretion of the management team.
In children hypotension in the postoperative period was defined as systolic blood pressure fall >20% from the baseline or below a definite target pressure for a particular age. Similarly, tachycardia was defined as the increase in heart rate >20% from the baseline or above a specific target heart rate for a particular age. The analysis was carried out using Stata version 14 (Stata Corp LP, College Station, Texas). Data are presented as frequencies or mean + standard deviation (SD) and median, and range. The Fisher exact or independent sample t test was used to draw comparisons between arrhythmic and nonarrhythmic paients. Univariate analysis was applied to assess the associations of various factors with occurrence of postoperative arrhythmias. A P value of less than .05 was considered significant.
Results
Of 412 pediatric patients who underwent cardiac surgeries from November 2015 to December 2016, 12 did not consent to the study, 18 patients underwent closed heart surgery, and 13 developed arrhythmias in the intraoperative period. All these patients (n ¼ 43) were excluded from the study. A total of 369 consented patients up to age 18 years who fulfilled the inclusion criteria were included in this prospective study. Of these patients, 259 children were males and 110 were females. There were 187 (50.6%) patients with cyanotic congenital heart disease and 182 (49.6%) were acyanotic. The age distribution of these children is shown in Table 1 . The operative characteristics of these patients are described in Table 2 .
A total of 25 (6.7%) patients developed arrhythmias. Table 3 shows the diagnosis and prevalence of arrhythmias. Table 4 delineates the factors associated with development of arrhythmias identified on univariate analysis. Table 5 presents the characteristics of all 25 patients who developed arrhythmias.
The level of surgical complexity was assessed for all the study patients according to the Aristotle Basic Complexity Score, 15 and the number of patients developing arrhythmias at different complexity levels was documented, as presented in Table 6 .
A total of six (1.6%) children died. Of these six children, three had postoperative arrhythmias (one patient with transposition of the great arteries who underwent arterial switch operation with regressed ventricle developed intractable VT), one patient who underwent repair of anomalous left coronary artery from the pulmonary artery (ALCAPA) was in an LCOS and developed multifocal VT which degenerated to VF, and one patient after AVSD repair had refractory JET (Table  5) . Three other patients (one following interrupted aortic arch [IAA] repair, one with Down syndrome and AVSD repair, and one following repair of tetralogy of Fallot [TOF]) died because of other cardiac issues including severe low cardiac output and sepsis. The occurrence of arrhythmias was not contributory to the demise of these three patients. Thirteen patients developed variable degrees of heart block and were managed by temporary AV epicardial pacing. Three patients (one with IAA, one with VSD, and one with AV septal defect [AVSD] repair) underwent deep hypothermic circulatory arrest (DHCA). Of these, the one with AVSD developed JET in the postoperative period. All arrhythmias had onset within the first 24 hours of ICU admission. The most common arrhythmia noted was JET (n ¼ 15, 60%). Of 15 patients with JET, 4 responded to conventional measures including temperature control by surface cooling, pain control, withdrawal of inotropes, and electrolyte correction. Three patients reverted to sinus rhythm once they recovered from LCOS, three patients were converted to normal sinus rhythm (NSR) after receiving three doses of digoxin as a rate control measure along with other conventional measures (cooling, inotrope tapering, treatment of LCOS, etc) and four patients required amiodarone infusion for their conversion to NSR. One patient following AVSD repair died of low cardiac output syndrome secondary to refractory JET (Table 5) . Three patients required electrical defibrillation from hemodynamically unstable VT and VF. All SVTs were treated with digoxin and other measures, including inotrope withdrawal and surface cooling, at the discretion of the care team.
If the observed rate and rhythm disturbances were found to be benign (eg, infrequent VPCs/ventricular bigemini/Atrial Premature Contractions/short run of VT), they were managed expectantly with a "wait and watch" policy, de-escalation/withdrawal of exogenous catecholamines, and routine measures to control hyperthermia. These cases were excluded from analysis, as they were considered not to have required intervention. The majority of rhythm disturbances could be treated effectively. Conversion to sinus rhythm or heart rate control was achieved within a few hours to 24 hours from the time of onset of arrhythmia occurrence. Amiodarone infusion was stopped 24 hours after conversion to NSR and patients were continued on oral amiodarone and then tapered off during follow-up visits.
Children undergoing VSD closure either alone or in association with other disease complexes (TOF and Transposition of Great Arteries) appeared to more likely experience JET in the early postoperative period. Three patients developed hemodynamically unstable VT and VF requiring defibrillation, lidocaine, and amiodarone infusion. Two of them (one underwent bidirectional Glenn anastomosis with atrial septectomy and another underwent fenestrated Fontan operation) recovered and were maintained on oral amiodarone till discharge; the third child, who had undergone ALCAPA repair, died of refractory VT/VF (Table 5 ). Higher level of Aristotle complexity score (P ¼ .014), total surgical duration (P ¼ .01), hypotension (P ¼ .02), tachycardia (P ¼ .001), high inotropic support (P ¼ .02), and elevated serum lactate (P ¼ .04) in the early postoperative period were found to be associated with the occurrence of arrhythmias (Tables 4 and 6 ).
We measured serum magnesium levels for all our study participants only once, six hours after surgery, and the levels were not statistically different between the arrhythmia and nonarrhythmia groups (Table 4 ). We performed echocardiographic evaluation postoperatively and found left and right ventricular dysfunction and/or residual cardiac lesions in many of our patients who developed arrhythmias (Table 5 ).
Discussion
Arrhythmias after pediatric cardiac surgery are an important cause of morbidity and mortality.
1,2 Despite improvements in surgical techniques, perfusion technology and perioperative management over the last decade or so, arrhythmias still remain a fearsome complication early after congenital cardiac surgical repairs. The incidence of postoperative arrhythmias in children can be up to 48%, as has been reported by different authors. 1, [3] [4] [5] [6] The relatively high incidence in some, but not all reports, may be related to the variability in study definitions for inclusion of arrhythmia in analysis. Some studies have also included relatively benign variations in rate and rhythm as well as individual premature atrial and ventricular complexes. Normal values of pediatric heart rates are based on healthy children.
14 It is difficult to apply these values to children who have undergone cardiac surgery.
In our study, the prevalence of hemodynamically significant arrhythmias was found to be low at 6.7%, a rate of occurrence that is less than those described in the past. 1, 3, 6, 10 But many recent studies have demonstrated results similar to our study. 4, 5 The low incidence of arrhythmias in our study may be related to surgical factors, including myocardial protection techniques. All surgeries in this study were performed by one surgical team. Another reason for low incidence can be that we included in analysis only those arrhythmias meeting our study criteria (sustained > 30 seconds), as has been reported in some previous studies with low incidence. 4, 5 Many studies have implicated the types of congenital heart defect and their surgical correction (eg, VSD, TOF, AVSD repairs) as the major causes for the development of postoperative JET. [16] [17] [18] We observed JET to be the commonest arrhythmia detected in our study patients. Similar observations have been made by others. 1, 3, 10 In our study cohort, JET was associated mostly with VSD closure in isolation or in combination with complete repair of other defects such as TGA, TOF, and AVSD. This finding was different in other studies where they observed arrhythmias more in TAPVCs and TGAs. 6, 10 Many studies have described various risk factors for arrhythmias including younger age at surgery, prolonged CPB time, longer ACC time, DHCA, cyanotic heart disease, and the type of surgery. 1, [3] [4] [5] [6] [7] 10 None of these factors except for the type of surgery (Aristotle complexity score) were found to have significant association with the development of arrhythmias in our study, in contrast to other previous studies. But some of the other variables such as total surgical duration, increased serum lactate, hypotension, tachycardia, and high Wernovsky inotropic score in the early postoperative period were found by us to have statistically significant association with arrhythmia occurrence. All these factors, which were clinically evident in those patients who developed arrhythmias, could be related to myocardial insults such as ischemia-reperfusion injury or freeradical injury. 19 We did not measure myocardial markers such as serum troponin or creatine kinase MB (CK-MB) fraction, due to cost factors, whereas other authors such as Immer and colleagues 19 tested cardiac troponin and Talwar et al 20 evaluated CK-MB in their studies to assess the degree of myocardial damage. Our postoperative echocardiographic findings suggest that patients with arrhythmias may have had a myocardial injury during surgery due to various procedural-related causes, ultimately manifesting as low cardiac output syndrome and heart failure due to myocardial dysfunction in the early postoperative period. The myocardial injury may be part of the systemic inflammatory response to CPB, altered myocardial membrane potential, ischemia-reperfusion injury, and/or release of histamine as described in some studies. 21, 22 One study associated hypomagnesemia with occurrence of JET. 23 It is known that magnesium improves ventricular recovery after hypothermic cardioplegic arrest. 24, 25 A normal to high magnesium blood level prevents intracellular calcium accumulation, thereby reducing arrhythmias. 23 Some believe that inclusion of mannitol (as a free radical scavenger) in cardioplegia solution may reduce arrhythmias. 24 In our study, there was no significant difference in the postoperative serum levels of magnesium between the patients who experienced arrhythmias and those who did not. Likewise, we did not observe important differences in the postoperative serum levels of calcium and potassium between the two groups.
Study Limitations
The study population is not very large. If the cohort and the number of events (occurrences of arrhythmias) had been larger, it is possible that multivariable analysis may have led to additional insights concerning risk factors for these arrhythmias. Given the data available, we felt constrained to limit analysis to univariate associations between clinical factors and occurrence of arrhythmias, without inferring or estimating risk. Evaluation of myocardial markers in the postoperative period could have also provided more insight into the risk factors for arrhythmias. There was no nested case cohort study and hence risk factors for a particular arrhythmia could not be identified. It is possible that our reliance on "real-time" detection of rhythm disturbances on continuous ECG monitoring, without reliance on retrospective review of 24-hour telemetry may have resulted in us "missing" some minor arrhythmic events that may have met our study criteria for duration >30 seconds, but it is unlikely that events that would have warranted intervention were overlooked. We acknowledge, however, that this limitation may have contributed to the relatively low incidence of arrhythmias in our study. Further research needs to be done in these areas to better understand the incidence and causes, and to improve the treatment of early postoperative arrhythmias.
Conclusion
Cardiac arrhythmias are a frequent problem in the early postoperative course after cardiac surgery. In this study, we identified factors associated with the occurrence of arrhythmias in the postcardiotomy period. Further studies, with greater numbers of patients, are needed, to identify factors that may predict the occurrence of a particular arrhythmia and to establish effective protocols for prevention and management of different arrhythmias in the postcardiotomy period.
